Abstract Seismic hazard assessment of slow active fault zones is challenging as usually only a few decades of sparse instrumental seismic monitoring is available to characterize seismic activity. Tectonic features linked to the observed seismicity can be mapped by seismic imaging techniques and/or geomorphological and structural evidences. In this study, we investigate a seismic lineament located in the Swiss Alpine foreland, which was discussed in previous work as being related to crustal structures carrying in size the potential of a magnitude M 6 earthquake. New, low-magnitude (-2.0 B M L B 2.5) earthquake data are used to image the spatial and temporal distribution of seismogenic features in the target area. Quantitative and qualitative analyses are applied to the waveform dataset to better constrain earthquakes distribution and source processes. Potential tectonic features responsible for the observed seismicity are modelled based on new reinterpretations of oil industry seismic profiles and recent field data in the study area. The earthquake and tectonic datasets are then integrated in a 3D model. Spatially, the seismicity correlates over 10-15 km with a N-S oriented sub-vertical fault zone imaged in seismic profiles in the Mesozoic cover units above a major decollement on top of the mechanically more rigid basement and seen in outcrops of Tertiary series east of the city of Fribourg. Observed earthquakes cluster at shallow depth (\4 km) in the sedimentary cover. Given the spatial extend of the observed seismicity, we infer the potential of a moderate size earthquake to be generated on the lineament. However, since the existence of along strike structures in the basement cannot be excluded, a maximum M 6 earthquake cannot be ruled out. Thus, the Fribourg Lineament constitutes a non-negligible source of seismic hazard in the Swiss Alpine foreland.
Introduction

Overview
The Swiss Alpine foreland is an area of overall low seismic activity (e.g. Wiemer et al. 2009; Singer et al. 2014; Diehl et al. 2015) . However, digital seismic data collected by the Swiss National Network since the late 1970's show a concentration of earthquakes that delineate a 20-30 km long N-S striking seismic lineament east of the city of Fribourg called the Fribourg Lineament (FL) (Fig. 1) (ECOS: Earthquake Catalog of Switzerland; Fäh et al. 2003 Fäh et al. , 2011 . In the late 1980's and 1990's, three sequences of earthquakes including four events with local magnitudes M L between 3 and 4 and one with M L 4.3 occurred on the southern segment of the FL (Kastrup et al. 2004 (Kastrup et al. , 2007 . Although the hypocentral depth of these events could be constrained at shallow depth (*2 km) using synthetic seismograms (Kastrup et al. 2007 ), a link with deep-seated faults, cutting the Mesozoic and Tertiary cover series, and rooting in the underlying basement was hypothesized. The N-S orientation of the tectonic structures in the Fribourg area was thus linked to crustal structures possibly representing a southward extension of the Rhine graben faults in the North (Nagra 1988; Berger and Gundlach 1990; Kastrup et al. 2007) (Fig. 1) . As a consequence, the fault system was postulated to carry in size the potential of a moment magnitude M 6 earthquake (Kastrup et al. 2007) .
The implications of this recent seismic activity have raised questions about the vulnerability of critical infrastructures such as the Mühleberg Nuclear Power Plant (KKM, Kernkraftwerk Mühleberg) located NE of Fribourg, as well as the city of Fribourg itself (Fig. 1) . In a region of low seismicity, the only way to obtain additional information about the ongoing seismic activity and its tectonic context is to lower the detection threshold. Thus in this work, we propose to characterize the FL using low-magnitude earthquake data (-2.0 \ M L \ 2.5) acquired in the period 2009-2013 by two new stations of the Swiss national network and two temporary seismic mini-arrays deployed in the Fribourg area (Vouillamoz et al. 2016) . In particular, the thus substantially enlarged earthquake database is searched for evidence of seismic activity in the basement, in addition to the seismicity in the sedimentary General frame simplified tectonic map. The Interoil zone encircles the region for which interpreted oil industry seismic profiles by (Interoil 2010 ) are available for this study and in which fault zones interpolated over the base Tertiary horizon are displayed. Dotted lines indicate main synclines; note the marked deviation of the Fribourg Syncline (FS) and the Alterswill culmination (ACbold lines). The instrumental ECOS (1975 ECOS ( -2009 (Fäh et al. 2011 ) features a prominent NS cluster of earthquakes east of the city Fribourg that ends close to the Mühleberg Nuclear Power Plant (KKM). c NNW-SSE structural cross-section through the western Swiss Molasse basin (Modified from (Matzenauer 2012) , profile trace is shown in b). The western Swiss Molasse basin is interpreted as a top-wedge basin (Willett and Schlunegger 2010) , where the sedimentary cover is passively transported and deformed on top of a basal detachment in the Triassic evaporites cover known from previous studies. Newly reinterpreted seismic imaging surveys (Interoil 2010; Meier 2010) are integrated with recent structural data (Ibele 2011) and geological information gathered from the literature (Vouillamoz 2015) and implemented in a GIS database from which a 3D fault model is constructed. The level of coincidence between the new earthquake data and the 3D fault model is used to discuss the possible link between interpreted fault zones and observed seismicity and to evaluate possible fault rupture scenarios with corresponding range of M max.
Tectonic setting
The area of investigation around the city of Fribourg is located in the western Swiss Molasse basin, between the thrusted Subalpine Molasse and the allochthonous Prealps klippen to the South and the Jura fold-and-thrust belt to the North (Fig. 1a, b) . The Swiss Molasse basin initiated as a flexural foreland basin in response to the bending of the European lithosphere due to the southward subduction of the European lower plate under the colliding Adriatic plate in early Tertiary time (e.g. Singer et al. 2014; Schlunegger and Kissling 2015) . Sedimentation started in the lower Oligocene and continued through Miocene times with progressive onlap towards the North on top of the underlying Mesozoic sediments (Homewood et al. 1986 ). As a result, the thickness of the Molasse units varies from a few hundred meters in the North to more than 4 km in the South (Naef et al. 1985; Laubscher 1987; Burkhard 1990; Burkhard and Sommaruga 1998; Sommaruga et al. 2012) . According to the distant-push hypothesis (Fernshub) of Buxtorf (1907) (Laubscher 1961 (Laubscher , 1997 , the foreland basin subsequently evolved into a wedge-top basin coincident with the development of the Jura foldand-thrust belt to the north (Bonnet et al. 2007; Willett and Schlunegger 2010) . The whole foreland sedimentary cover is thereby detached above the mechanical basement along a main decollement level in the LowerMiddle Triassic evaporites (Fig. 1b) in relation with exhumation and imbrication of the External Crystalline Massifs in the Alps (Sommaruga 1995; Burkhard and Sommaruga 1998; Sommaruga 1999) . Whereas the Jura Mountains exhibit an important fault-and-thrust related folding, the structures in the Molasse basin remain of modest amplitude, inhibited by the increasing thickness of the Tertiary sediment cover towards the south (Schuppli 1950; Jordi 1951; Sommaruga et al. 2012) . At its southern edge, the Molasse basin is in contact with the imbricated Subalpine Molasse (Schuppli 1950; Jordi 1951) . There, the Tertiary cover is decoupled from the underlying Mesozoic series, the latter in turn being decoupled and detached from the mechanical basement along the basal decollement. This north-directed major thrust zone correlates with the young and out of sequence thrusting of the Alps (Fig. 1b) (Cederbom et al. 2011; von Hagke et al. 2012 ). The general NE-SW oriented alpine trend of folds in the Molasse basin and Jura fold-and-thrust belt shows a deviation east of the city of Fribourg to form the Fribourg structure or Fribourg zone (Fig. 1) . The Fribourg syncline turns into a N-S direction along strike of the topographic ridge of the Alterswill culmination (Plancherel 1996) . This latter zone also bears an extended N-S trending fault zone arranged in an en-échelon array that is well imaged in seismic profiles in the Mesozoic units (Interoil 2010; Sommaruga et al. 2012) . The area of investigation thus exhibits strain partitioning along two decollement levels (Base Mesozoic and Base Tertiary) (Bonnet et al. 2007 ) and regional vertical tear faults.
2 Earthquake data
Catalog design
The historical and instrumental seismicity of the Fribourg region up to the year 2004 is documented in Kastrup et al. (2007) . This time period includes three prominent earthquake swarms in 1987, 1995 and 1999 with maximum magnitudes of M L 3.9, 3.7 and 4.3, respectively. The earthquakes recorded routinely by the national broadband and strong-motion networks of the Swiss Seismological Service (SED) over the years [2005] [2006] [2007] [2008] , a period of relatively low seismic activity, are included in the ECOS catalog (Fäh et al. 2011) .
Nanoseismic monitoring techniques (Wust-Bloch and Joswig 2006; Joswig 2008; Sick et al. 2014) were applied in the period 2009-2013 in order to lower the detection threshold compared to the seismicity recorded routinely by the SED in the Fribourg area (Vouillamoz et al. 2016 ). Low-magnitude earthquakes were detected by applying sonogram analysis (Sick et al. 2014 ) on continuous waveforms recorded at three stations operated by the SED (two new accelerometers SCOU, and STAF, and one broadband station TORNY), and two small aperture (\100 m) sparse seismic arrays (SNS) deployed temporarily close to the FL (Fig. 2) . Data of six Swiss local broadband stations were further used to constrain the location of the stronger events (Fig. 2) . A 1D layered velocity model, derived for the Fribourg region from the Swiss 3D velocity model (Husen et al. 2003) and refined in shallow layers based on deep borehole data (Abednego 2016), was used for event location (Vouillamoz et al. 2016 ).
The Fribourg earthquake catalog 2009-2013
Over the period 2009-2013, the Fribourg earthquake catalog (FRICAT) comprises 270 low-magnitude events (-1.7 \ M L \ 1.5) and 34 events (0.4 \ M L \ 2.5) detected also by the SED (ECOS events) that were recorded in the period 2009-2013 in a 2500 km 2 around the city of Fribourg. The 304 events were processed and merged into a joint uniform database using HypoLine software (Joswig 2008; Vouillamoz et al. 2016) . The signal quality of half of the Fribourg events was sufficiently high to enable a reliable location, with epicentral uncertainty below 2 km. Because of poor SNR (signal to noise ratio) of the onsets, the remaining 50% of the events are either located with lower confidence (up to 5 km of epicentral uncertainty, 20% of the dataset) or not locatable (30% of the dataset) (Vouillamoz et al. 2016) . Although their location is problematic or undefined, these events are preserved in the database as their source origin is further constrained using waveform similarity analyses.
3 Characterizing Fribourg microseismicity using waveform data
Absolute hypocenter locations
The 50% of quality events feature two zones of apparent enhanced seismicity ( Fig. 3a) : (1) the FL, and (2) the Fribourg cluster, a region with earthquake clustering below the city of Fribourg. As detailed in Vouillamoz et al. (2016) , for 129 quality events a hypocenter solution could be resolved: resulting focal depths range within 500 m and 4 km depth with a predominance in the Tertiary cover series at depth below 2 km (107 events, 83% of the events with resolved hypocenter solution) (Fig. 3b, c) . Based on synthetic-seismogram modeling of waveforms and travel-time differences of the downgoing P-wave reflected at the Moho (PMP) and the upgoing S-wave reflected and converted to a P-wave at the Earth's surface before being reflected at the Moho (sPMP), Kastrup et al. (2007) concluded that the hypocenters of the earthquake sequences of 1987, 1995 and 1999 along the FL were located within the sedimentary cover at a depth of only 2 km. A comparison of the seismograms of the two highermagnitude ECOS events recorded in 2009 along the FL with the corresponding seismogram of one of the 1995 events shows that the sPMP-PMP travel-time differences are almost identical (see Fig. 10 of Deichmann et al. 2010) and that therefore their focal depths must be similar. Thus, the shallow focal depths shown in Fig. 3b , c agree with other independent focal depth estimates in Fribourg region.
Constraining relative epicenter distribution using station network geometry
We take advantage of the Swiss station network geometry to better constrain the relative epicenter distribution of events in Fribourg region. Twelve higher-magnitude events detected by the national network are selected for a qualitative waveform analysis (Fig. 4) . On an E-W profile, the relative epicenter distribution of the 12 events is evaluated by looking at the signals recorded at HASLI, which lies due east of the FL (Fig. 4a ). Due to substandard SNR of P-arrivals at HASLI ([70 km distant), the waveforms are aligned on unequivocal P-arrivals identified at TORNY, which lies due west of the FL. S-arrivals recorded at HASLI display a consistent alignment for events located on the FL, whereas S-arrivals of events related to the Fribourg cluster (event number 4-6) are delayed by a few seconds (Fig. 5a ). The consistent alignment of S-arrivals recorded due east of the events (and aligned on phase arrivals recorded due west) corroborates previous results by Kastrup et al. (2007) showing that epicenters along the FL (Vouillamoz et al. 2016) must be closely spaced in an E-W direction. The offset in S-arrivals between signals related to the FL and the Fribourg cluster is evidence for the existence of two distinct active tectonic features on an E-W profile in Fribourg area.
Increasing S-P travel-time differences from south (event number 12) to north (event number 1) on the signals recorded south of Fribourg at SENIN (Fig. 4a ) suggests a N-S distribution of the selected events (Fig. 5b) . The waveforms recorded at STAF, which lies on the FL (Fig. 4a) , display a systematic pattern of S-P travel-time differences as a function of their location from north to south along the FL and within the Fribourg cluster (Fig. 5c,  d ). The prominent surface waves observed on vertical traces at such short epicentral distances are additional evidence for a shallow hypocentral depth of the events (Deichmann et al. 2010) . Thus, it can be concluded that the epicenters of the 12 selected events are distributed with a preferred N-S orientation along two seismogenic zones: the FL and the Fribourg cluster. (Interoil 2010) . Resolved focal depths are restricted to the sedimentary cover (Vouillamoz et al. 2016) 500'000 550'000 600'000 650'000 700'000 150'000
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200'000 250'000 3.3 Spatial and temporal patterns of microseismicity using waveform similarity
Closely spaced earthquake families in microseismic datasets can be discriminated using simple cross-correlation analyses (e.g. Deichmann and Garcia-Fernandez 1992; Augliera et al. 1995; Cattaneo et al. 1999; Massa et al. 2006; Barani et al. 2007; Kraft and Deichmann 2014) . In order to characterize the spatial and temporal evolution of clustered microseismic activity in the Fribourg area, we use the waveform dataset recorded at STAF (the closest station on the FL, see Fig. 2 ). To optimize cross-correlation results, only waveforms with P-onset SNR above two are selected. The 227 selected signals are cross-correlated in the time-domain, using a five-second window that includes P-and S-phases codas (receiver-source distances \20 km). The waveforms are integrated to velocity and aligned on manually picked P-arrivals; a second order Butterworth bandpass filter of 1-30 Hz is applied. The peak of the normalized cross-correlation function computed for all possible pair of events is then plotted in cross-correlation matrixes using a correlation index threshold of 0.8 (Fig. 6 ). b Seismograms recorded at SENIN aligned on P-arrivals manually picked at that station. P-onsets of events number 2 and 6 could not be picked satisfactorily and are consequently not displayed. For better display of S-arrivals, vertical and east-horizontal components are stacked in a, b. c Seismograms recorded at STAF vertical channel display prominent surface waves at short epicentral distances (arrows). Note the different onset polarities (zoomed circles) that suggest variation in focal mechanism (see Sect. 6).
d Signal recorded at STAF easthorizontal component show systematical variations in t S -t P travel-time differences between about 0.7 and 2.0 s and highamplitude S-phase arrivals. The vertical dotted lines in a, b, d help to visualize waveform alignments A first matrix is derived using a chronological sorting of events (Fig. 6a) . It displays numerous highly coherent pairs closely confined to the main diagonal. These on-diagonal pairs highlight frequent temporal clustering of events sharing a high waveform similarity, which in turn suggests spatial clustering of the corresponding events. The chronological matrix also displays off-diagonal pairs, signifying the existence of repeating seismic events in longer time intervals (month-year). With the aim to identify earthquake families, a single linkage function (nearest neighbor, minimum method, Matlab TM ) is applied on the chronological cross-correlation dataset using a dissimilarity threshold of 0.2. The resulting dendrogram and cross-correlation matrix picture a few main earthquake families, gathering each several earthquake clusters (Fig. 6b, c) . The epicenter distribution of the located events among each family is verified (Fig. 7) and shows that the agglomerated events distribute consistently in space. The clustered events are gathered into five main earthquake families following their location relative to STAF: (1) FL-North, (2) FLCenter, (3) FL-South, (4) St. Sylvester, and (5) Fribourg cluster (Figs. 6c, 7) . A few other minor clusters correspond to sequences detected in the larger Fribourg area and are not considered here. The striking waveform similarity observed in individual clusters (Fig. 6d) suggests events tightly distributed in space that share common source mechanism (e.g. Deichmann and Garcia-Fernandez 1992; Augliera et al. 1995; Scarfì et al. 2003) . Consequently, part of the scatter in epicenter locations within individual clusters or segments of the FL seen on the map in Fig. 7 is probably an artifact of the absolute location procedure. In fact, with the exception of the N-S extent of the St. Sylvester cluster, this scatter is well within the estimated epicenter location uncertainty of ±2 km for quality event. For the St. Sylvester cluster, the more important scatter is explained by a non-optimal station geometry, which results in large epicentral uncertainty in a N-S direction (see Fig. 7c of Vouillamoz et al. 2016 ).
Temporal evolution of microseismic activity in Fribourg region
The local magnitude (M L ) of Fribourg events was calculated using a distance-attenuation function calibrated for weak shocks recorded at short epicentral distances (WustBloch and Joswig 2006; Vouillamoz et al. 2016) . For the sake of consistency, the M L values are assigned also to those events after 2008 that were recorded by the SED; for some of those events, the FRICAT M L values are slightly lower than those computed by the SED. In Fig. 8a we compare the magnitude distribution of the events detected by the national network of the SED over the period 1972-2013 in the Fribourg region (Fäh et al. 2011 ) with the magnitude distribution of the Fribourg clusters identified in this study. The higher-magnitude sequences of 1987, 1995, and 1999 on the FL are well imaged within a rather continuous distribution of M L 2 events. Starting in 2009, the higher detection rate by the SED seen in Fig. 8a corresponds to the installation of stations SCOU and STAF on the FL (see Fig. 2 ). The temporal evolution in the period 2009-2013 of the seismic activity in the Fribourg region is pictured by the magnitude-time distribution of the five earthquake families derived by the cross-correlation analysis ( Fig. 8b) : it is characterized by a fairly constant background seismicity in the -0.5 \ M L \ 0.5 range, punctuated by a few more energetic M L * 2.0 sequences. Such a pattern of low-magnitude seismic activity fits a model where the overall shear is partitioned over smallscale (*10-100 m) ruptures.
Summary of the microseismic observations
The results of the microseismic investigations undertaken in the context of the present study can be summarized as follows:
• The systematic sonogram scans of the continuous data recorded at three stations of the SED and at the two temporary SNS arrays successfully lowered the event detection threshold by about one magnitude unit compared to traditional monitoring techniques (Vouillamoz et al. 2016 ).
• Based partly on absolute locations and partly on association by signal similarity, most of the additional low-magnitude events recorded over the 4-year period between 2009 and 2013 are associated with a small cluster below the city of Fribourg (the so-called Fribourg cluster) as well as with different segments of the N-S striking Fribourg Lineament, FL, to the east of the city of Fribourg, the latter having been active already previously.
• Both the absolute locations and the event classification based on waveform similarities of the additional lowmagnitude events are compatible with earlier focal depth estimates that indicate that the Fribourg earthquakes appear to be generated exclusively at shallow depths in the sedimentary cover; thus, there is no evidence in the analyzed dataset for seismic activity in the basement.
Structural model of the Fribourg region
Newly reinterpreted seismic data (Interoil 2010) were used to derive a 3D fault model in the Fribourg region and more specifically along the FL fault system, and were combined with results from recent studies on fractures observed at the surface.
Subsurface data
Based on 440 km of oil industry seismic profiles and calibrated on deep borehole data, Interoil (2010) interpolated fault zones between different seismic lines and produced structural maps over five stratigraphic horizons: base Mesozoic, top Muschelkalk (Middle Triassic), top Lias (Lower Jurassic), base Malm (Upper Jurassic), and base Tertiary (Fig. 9a, b) . In transects across the FL, gentle folding, as well as near vertical fault zones rooting in the basal decollement in the middle and upper Triassic evaporites are well imaged in the Mesozoic layers (Fig. 9b ).
The quality of the seismic data, as well as the absence of continuous seismic reflectors impedes a clear imaging of structures in the basement as well as in the Tertiary mostly detrital cover series. However, no clear offset in the basement and no evidence for throughgoing faults can be found. Rather offsets are restricted to the MesozoicCenozoic sedimentary cover. Thickening of the Middle Triassic formation underneath the FL fault zone is associated with evaporite migration and may be linked to the development of the steep faults that are subsequently reactivated as tear faults in the present stress field. These arguments support a decoupling between the fault zones imaged in the sedimentary strata and potential tectonic features located in the basement. The five structural map horizons by Interoil (2010) were combined to interpolate 3D fault plane surfaces using ArcGIS 3D Analyst TM (Fig. 9c) . The 3D fault planes were subsequently projected to the topographic surface by extrapolating series of predefined control points on each fault segment across each stratigraphic horizon (Vouillamoz 2015) . For the first time, the intersection of the fault planes with the topography was checked for correspondence with known faults and/or visible lineaments on a high resolution digital elevation model (swissAlti3D DEM Ó swisstopo). The new fault model shows that the northward extension of the faults located east of the city of Fribourg and pertaining to the FL, ends to the North at about the latitude of the city of Bern (Fig. 9c) . The model displays two main N-S trending fault zones along strike of the FL: the Fendringen structure to the north and the St. Sylvester structure in the south (Fig. 9c) . Since the seismic line grid is unevenly distributed around the city of Fribourg, no specific subsurface tectonic features are interpreted there (Fig. 9a) .
Surface data
Given the important Quaternary deposits, structural data are unevenly distributed within the study area and mostly limited to incised river valleys (Fig. 10a) . Various mesoscale brittle tectonic structures such as faults, brittle deformation bands, slickensides, and joints are reported in the Molasse sediments outcrops (GA25: Geological Atlas of Switzerland at the scale 1:25 0 000, swisstopo; Ibele 2011; Matzenauer 2012) and it can be shown that broad undeformed areas alternate with rather restricted strongly deformed zones (Ibele 2011) . Strong lateral variations of facies within the Tertiary sediments (shales, clayey sands and sandstones) influence the fault style, which ranges from clayey cataclasite in clayey sands (Fig. 10b) , respectively in a) . Due to the absence of seismic survey in Fribourg agglomeration, no subsurface tectonic features that could be linked to the Fribourg Cluster are interpreted at that location fracture networks in sandstones. The rheological change associated to lateral facies variations acts like a mechanical barrier for discrete fault propagation, and a maximum fault length of 1-3 km in the Tertiary units of the Molasse basin can be estimated. Mapped fault zones feature a general enéchelon arrangement, and the largest discrete fault zone within the study area is reported near Tafers (STAF receiver site) in the Galtera river bed (Fig. 10b) . It represents a 1-1.5 m wide core zone of randomly oriented fault gouge and a several meters wide damage zone on either side of the fault (Ibele 2011) . At the St. Sylvester location, faults are apparent in the geomorphology with up to 700 m left-lateral offsets observed in the Subalpine Molasse units. Northward, faults are mapped along strike of two N-S flowing streams at Fendringen (Ibele 2011) (Fig. 10a) . The St. Sylvester, Tafers and Fendringen fault zones correlate along strike with the FL, and we consider them to be the surface expression of the active fault zones at depth.
Kinematic indicators show left-lateral motion on subvertical faults oriented N-S to NNE-SSW and right-lateral movement on faults oriented NW-SE to WNW-ESE. This conjugate fault system is consistent with stress data derived from faults and striation which show a rather uniform NW-SE directed compressive stress field and a NE-SW oriented extension (Ibele 2011) (Fig. 10a) . This stress field is compatible with the present day stress state in the Alpine foreland of northwestern Switzerland derived from earthquake data (Kastrup et al. 2004 ).
Integrated model of the Fribourg Lineament
Despite the sparse surface data it is possible to identify a discrete fault zone at the Tafers location (Fig. 10) (Ibele 2011) . Combined with the interpretation from seismic lines, we consider that the Fendringen and St. Sylvester structure constitute a continuous damage zone that consists of en-échelon arranged fault segments with moderate lateral extent (\5 km) and that cross-cuts the detached Tertiary and Mesozoic cover series and roots in the basal (Fig. 9b) . Seismic imaging and structural data are integrated with earthquake data on a synthetic cross-section oriented N-S along the FL (Fig. 11) . The inferred fault zone surface is schematically projected and pictured on the profile by shaded area (Fig. 11a) . Solid contours display regions constrained by seismic data, whereas dotted contours indicate the extrapolated surfaces dimension. Dashed lines below the topography point out locations where fault zones have been measured in Tertiary outcrops. The length of the inferred fault zone reaches about 30 km at the surface and at the base of the Tertiary layers, and some 20 km at the base of the Mesozoic series. Potentially active seismic zones along the FL are evaluated using reliable features of four reference events (i.e. the highest magnitude event among each earthquake family derived from the waveform cross-correlation analysis along the FL) ( Table 1 ). Note that because of its offset to the West, the Fribourg cluster is not included in this analysis. The source location of each reference events is evaluated with S-P travel-time differences recorded at STAF. Using a half-space v p velocity model of 4.5 km/s and a v p /v S ratio Fig. 11 a Schematic profile on the FL (N 168 0 000-N 202 0 000 in CH1903-LV03 projection system, see trace in c) that integrates geological, seismic imaging and earthquake data at scale. b Estimated rupture surfaces for M 0 to M 6 earthquakes, using the same scaling as in a. Scaling relationships are excerpted from Bohnhoff et al. (2010) and Fagereng and Toy (2011) . c Regional tectonic map featuring the major fault systems in the Alpine foreland across the Jura belt and the western Swiss Molasse basin: V Vuache, SC St-Claude, A Arve, Mz Morez, M Mouthe, LS la Sarraz, P Pontarlier, LL la Lance, LF la Ferrière, F Fribourg (Fendringen and St. Sylvester); and RL, Rhenish Lineament [modified from Chevalier et al. (2010) ]. RS indicates the Rhône-Simplon Accident. Left frame: the focal mechanisms computed for three of the reference events (1, 2, and 4) (Deichmann et al. 2010; Vouillamoz, 2015) are consistent with the well constrained fault plane solutions computed for the M L 4.3 event on the FL (Kastrup et al. 2007) and suggest almost pure strikeslip rupture along N-S oriented fault planes of 2.0 suited for sedimentary rocks, observed S-P traveltime differences of 0.7-2.0 s ( Fig. 5d ; Table 1 ) correspond to receiver-source distances of 2.8-8.1 km that are represented on the profile by dotted semi-circles centered on STAF (Fig. 11a ). An estimated focal depth of about 2 km is attributed to each reference event, in agreement with the focal depth constrained by synthetic waveform modelling (Kastrup et al. 2007 ) (see Sect. 3.1) . The four reference events are represented on the profile by scaled rupture surface ellipses. The lower-magnitude events of the FRI-CAT dataset that were associated to the four reference events by the waveform similarity analysis (see Sect. 3.3) are then schematically projected based on observed S-P travel-time differences relative to the master events (Table 1 ). The sequences of 1987, 1995 and 1999 are projected using the relative location by Kastrup et al. (2007) . The scaled rupture size of the events is estimated following Bohnhoff et al. (2010) and Fagereng and Toy (2011) , and considering -1.5 \ M L \ 0.5 as M 0, 0.5 \ M L \ 1.5 as M 1, 1.5 \ M L \ 2.5 as M 2, 2.5 \ M L \ 3.5 as M 3 and 3.5 \ M L \ 4.5 as M 4 (Fig. 11b) . Thus, a M 0 earthquake corresponds to a dot on the profile. The final cross-section highlights the size of potential active fault zones along the FL.
Discussion
Tear faults in the Molasse basin and the Jura fold-andthrust belt show directions that may be considered as inherited from basement structures as is the case for the St. Gallen graben/strike-slip fault zone in eastern Switzerland (e.g. Heuberger et al. 2016) , or the Freiburg-BonndorfBodensee fault in the Hegau area (e.g. Egli et al. 2016) . Unlike in eastern Switzerland, where these faults presently reach from the basement into the sedimentary cover, in western Switzerland the large tear faults (e.g. the Pontarlier and the Vuache faults, Fig. 11c ) are in the detached sedimentary cover only. Here, the western Alpine foreland (Molasse basin and Jura fold-and-thrust belt) is displaced as much as 25-30 km towards the NW along the basal decollement in a wedge-top geodynamic setting (Sommaruga et al. 2012 and references therein) .
Using geological data and subsurface imaging, the tectonic structure related to the FL is interpreted as a N-S oriented en-échelon fault zone of moderate lateral extent (\5 km), made of series of fault strings that reach a cumulated length of some 30 km in the detached sedimentary cover east of the city of Fribourg, and which terminate northward at about the latitude of the city of Bern (Fig. 9) . Therefore, the Fribourg zone is not related, at least in shallow layers, to the Rhenish Lineament as suggested in previous studies (Allenbach and Wetzel 2006; Kastrup et al. 2007; Chevalier et al. 2010) . Considering the general high uncertainties linked to interpretations of basement structures in the existing seismic reflection datasets across the western Swiss Molasse basin (Interoil 2010; Meier 2010; Sommaruga et al. 2012 ), we do not conclude anything about a potential major crustal feature that would link the Rhenish lineament (Allenbach and Wetzel 2006) to potential basement structures below the FL. Rather, we suggest that the FL is comparable in its tectonic setting to the Vuache fault zone which triggered in 1996 a M L 5.3 earthquake in the sedimentary cover (1-3 km depth) with left-lateral strike-slip mechanism (Fig. 11c) (Thouvenot et al. 1998; Courboulex et al. 1999; Baize et al. 2011) .
Studies on the regional seismicity in the northern Alpine foreland have shown that many detected earthquakes are located in the basement (e.g. Singer et al. 2014) . However, these studies refer to an area where the alpine foreland is in a purely flexural foreland context and do not apply further west. In the western wedge-top foreland, most earthquakes are located in the detached sedimentary cover. This does not exclude earthquakes from occurring in the basement, but rather point to a more complex strain/stress partitioning due to multiple detachments along two major decollements at the base of the Mesozoic cover series and at the base of the tertiary Molasse sediments in the meridional parts of the foreland basin. In both domains (cover and basement), the focal mechanisms are dominantly strike-slip along two (Joswig 2008; Vouillamoz et al. 2016) in the CH1903-LV03 projection system; M L , local magnitude (Vouillamoz et al. 2016 ); STAF t S -t P , S-P travel-time differences of reference event picked at station STAF; rel. t S -t P , maximum relative S-P travel-time difference observed between the reference event and the clustered events; FM, focal mechanism [solutions published in Deichmann et al. (2010) for event (1) and (2) and in (Vouillamoz 2015) for event (4)] major N-S and NW-SE directions, i.e. where the principal stress S1 is horizontal and shows a counterclockwise rotation in the NW quadrant (Kastrup et al. 2004 ). We find clear evidence for clustered microseismic activity in the period 2009-2013 over a length of about 11 km in the sedimentary cover beneath STAF (Fig. 11a) . Predicted distances by S-P travel-time differences recorded at STAF show that the St. Sylvester cluster (4), which is the southernmost cluster, lies most likely in the Molasse basin (Fig. 11a) , and not in the Prealps, as it appears on epicenter map (Figs. 3, 7) . Therefore, it is inferred that the four main earthquake families resolved by the waveform similarity analysis correspond to on-going seismic activity in restricted zones of the FL. Since a focal depth of 2 km projects close to the Tertiary (Cenozoic)-Mesozoic series boundary, it is not possible to discriminate conclusively if the events are restricted to the Tertiary cover (Molasse units) or to the underlying Mesozoic sequences, or possibly distributed over both. In the seismic atlas of the Molasse basin, Sommaruga et al. (2012) report that there is not always a clear evidence for linking fault zones interpreted in the Tertiary series with the ones observed in the underlying Mesozoic units. In addition, the authors suggest that Tertiary sediments are folded independently from underlying strata, thus requiring a secondary detachment horizon near the base Tertiary. In this scenario, also suggested based on analogue modeling (Bonnet et al. 2007) , and if the Fribourg events could be assigned to the Tertiary cover, the potential size for an earthquake to be generated along the FL would be reduced. However, given the uncertainty in depth location, the available data do not justify such a conclusion.
In Fig. 11c , we reproduce the fault-plane solutions for the 2009/05/13 (cluster 2) and 2009/12/12 (cluster 1) reference events from Deichmann et al. (2010) . The focal mechanisms correspond to almost pure strike-slip and are very similar to the well-constrained focal mechanism of the 1999/02/14, M 4 event, for which the N-S striking focal plane with left-lateral slip could be identified as the active fault plane (Kastrup et al. 2007 ). An additional focal mechanism was computed for the St-Sylvester 2009/03/09 reference event (cluster 4) using seven onset polarities (Fig. 11c) . Although the fault-plane solution is not well constrained, it is consistent with the other ones. Individual fault-plane solutions of the other events detected over the period 2009-2013 could not be constructed due to their small magnitudes. However, from the signal character of the events along the FL recorded at station STAF we can conclude that most likely their mechanisms are similar to those of the larger events. In fact, in a direction that coincides with the strike of one of the possible fault planes, the P-waves radiated by a shear dislocation are weak and emergent, while the S-waves are strong and impulsive.
Moreover, small variations in strike or dip of the fault plane can cause a polarity reversal of the observed P-onset. This is precisely what is seen in practically all the signals of the events along the FL recorded at STAF (Figs. 5c, d,  6d ). Given the location of STAF on the trace of the FL, as outlined by the N-S oriented earthquake epicenters, the observed signal character is consistent with the conclusion that rupture along the various segments of the FL occurs as left-lateral slip on N-S oriented near-vertical fault planes.
In the near vicinity of the dam of the Schiffenen (Fig. 10) several sulfur-rich cold water sources are known. The origin of sulfur enrichment is related to the gypsum and dolomite rich layers of the USM formed from evaporitic lake waters (Platt 1992) . Thus, these sources may indicate facilitated fluid circulation along fault systems, which act as links to the surface. Hydraulically conductive faults are known to be critically stressed faults (Townend and Zoback 2000) supporting the idea of active fluid conduits between surface and the seismically activated zones at the base of the Tertiary Molasse sediments along the fault zone. In addition, but also in general, excess water loads may act as a trigger on a critically stressed fault system and thus induce earthquake swarms. Although, the present data record for our study area, is too sparse and incomplete to make a plausible correlation, this has been postulated elsewhere in the Alps (von Hagke et al. 2014 and references therein). Similar situations of induced seismicity can also be linked to excess rainfall and flooding, as known in other regions in Switzerland and southeastern Germany (e.g. Kraft et al. 2006; Husen et al. 2007) . One can thus consider that the Alpine orogenic wedge is close to failure and that faults are critically stressed.
That the deformation due to the NW-SE directed compression of the northwestern Alpine foreland of Switzerland (Kastrup et al. 2004 ) manifests itself as slip on favorably oriented strike-slip/tear faults rather than on favorably oriented thrust/reverse faults is due to the fact that the differential stress needed to activate a thrust fault is significantly higher than for a more or less vertical strikeslip fault at the same depth (Sibson 1974; Zoback 2007) . Thus the existence and repeated rupture of favorably oriented critically stressed tear faults, such as the N-S oriented fault segments that constitute the FL, sets a limit to the magnitude of the ambient differential stress. As a consequence, the differential stress cannot reach a sufficiently high level to activate any possibly well-oriented reverse faults. According to the cumulative size of the seismically active zones along the FL and the anastomosing tendency of en-échelon fault zones, we infer the potential for a M 5 earthquake to be generated in the sedimentary cover along the FL, similar to the Annecy earthquake on the Vuache fault in 1996, mentioned above. If, in addition, we allow an earthquake to rupture the presently active segments of the FL as well as its northward extension along the Fendringen structure, then we cannot exclude the possibility of a higher-magnitude event, even without invoking an undiscovered fault that extend into the basement (Fig. 11a, b) . Thus, the FL constitutes a significant seismic hazard in the Swiss alpine foreland and deserves continued seismic monitoring.
